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THE ANODIC OXIDATION OF BASES IN THE SOLVENT no-CRESOL 
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(Rcccivcd I I th Fcbruury 1974) 
Acid-base titrations can be carried out successfully in the solvent ??I- 
cresol’. This is important for the determination of the acid or base content of 
some polymers for which ~cresol is a good solvent. The study of acid-base 
coulometry in nr-cresol was started because of the several advantages offered by 
coulometry: greater sensitivity, no problems with unstable titrants, and no need for 
standardization of titrants. 
Preliminaryexperiments in which constant-current coulometric titrations were 
carried out in solutions of tctraethylammonium perchlorate in m-crcsol showed that 
theelectrochemicalgenerationofbase(base(,~z-cresolate)at platinum electrodes does occur 
with lOOo/o current efficiency. However, in these experiments, generation of acid 
did not occur with lOO”/, current efficiency. 
The present study of the anodic oxidation of bases in ,n-cresol was undertaken 
to establish conditions for 100°A current eficiency in the generation of acid in m- 
cresol. 
EXPERfMENTAL 
Chemicals 
m-Crcsol (Merck “Zur Synthese”) was purified by distilling (b.p. 201-202”C), 
drying for 24 h on molecular sieve (3& Union Carbide) and distilling again 
(b-p. 201-202°C). The second distillate was used within a day. Some batches purified 
by this method still had a detectable acid or base content. Only those batches 
were used that showed no detectable amount of acid or base in acid-base 
titration and had a range from - 1.55 to -t-O.7 V in polarography with tetraethyl- 
ammonium perchlorate as supporting electrolyte. 
Sodium cresolate solutions were prepared by dissolving the appropriate 
amount of sodium in m-cresol. 
Tetraethylammonium perchlorate (TEAP; Eastman, reagent grade) was 
recrystallized from ethanol. 
1,3_Diphenylguanidine (Eastman, reagent grade), tctramcthylammonium 
chloride (Eastman, reagent grade), tctramethylguanidine (Eastman, pract. grade), 
morpholine (Merck, “Zur Synthese”), strychnine (Merck, purum), triethylamine 
(Koch-Light, puriss.), n-butylamine (Fluka, puriss.) and mercury (Drijfhout, 
polarographic grade) were used as received. 
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A Radiometer polarograph type P04, equipped with a Sargent IR com- 
pensator model A. was used. The polarographic cell was thermostattcd at 20 f 0.01 “C, 
and a three electrode system was used. The reference electrode ( AgzAgCl) in 0.1 M 
tetramcthylnmmonium chloride in rpt-crcsol was connected c;ia a salt bridge with 
0.1 M tetraethylammonium pcrchloratc in j)r-cresol to the test solution. The 
auxiliary electrode was B mercury pool. The characteristics of the DME were: 
It. 56 cm; WI, 2.87 mg s- ’ : I. 2.70 s (open circuit in 0.1 M TEAP in ,pr-cresol). 
For the rotating disc electrode equipment, the indicator electrode was a 
T~ussel platinum ring/disc electrode with a driving mechanism (type Asservitex) of 
which the ring section was not used. The arca of the disc was 8.04 mm”. The 
potentiostat was a Bipnd type from Tacussel. The reference electrode, salt bridge 
Fig. I. Apparatus for constant-potential coulomctry. 
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Fig. 2. Apparatus for chronopotcntiomctry. 
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and auxiliary electrode were as described above. Measurements were carried out 
at room temperature. 
For the constant-potential coulometric equipment, an H-type cell was 
operated at room temperature; the compartments of the cell were separated by a 
G-4 glass frit. A Tncussel Bipad potcntiostut and an electronic integrator con- 
structed from a Kcithlcy operational amplifier, type K301, were used. The platinum 
gauze working electrode had an area of 4 cm’, and the auxiliary electrode was a 
platinum wire. The reference electrode was A&A&I in 0.1, M tetramethyl- 
ammonium chloride in In-cresol. and was connected to the test solution via a 
0.1 M TEAP in rtr-cresol salt bridge. The arrangement is shown in Fig. 1. 
For the chronopotentiometry equipment, the H-type ccl1 was again operated 
at room temperature, and a G-4 glass frit separated the compartments. The 
working electrode was it mercury pool (area, 3.87 cm’) at the bottom of one 
compartment. The auxiliary electrode was a platinum wire in the other compart- 
ment. The reference electrode was an Ag/AgCI electrode in 0.1 M tetramethyl- 
ammonium chloride in ,tr-cresol; this clcctrode was connected to the test solution 
viu a salt bridge of 0.1 M TEAP in rn-cresol. The outlet of this salt bridge was 
brought close to the surface of the mercury pool. The circuit consisted of a 300-V 
stabilized power supply (v.d. Hecm, type 8619). a large resistor, a Knick pH 
meter type PH23, and a Philips recorder type PM8100. The exact current was 
mcasurcd across a IOO-ohm precision resistor in the circuit with a compensator 
galvanomcter (Bleeker, type 2164). A schematic diagram is given in Fig. 2. 
Procetlures 
Polarography. As supporting electrolyte 0.1 M TEAP was used. Stock 0.01 M 
solutions (accurately standardized by titration) of the bases were used to prepare 
dilution series in the concentration range 5*10-* M to 1.5*10-’ M (in 0.1 M TEAP 
in rn-cresol). 
These solutions were placed in the polarographic cell and dcoxygcnatcd by 
bubbling nitrogen(purified over copper at 400°C) through the solution for 20 min. 
The polarographic curves were recorded without damping at a speed of 0.2 V 
min- ‘, with the sensitivity at 5 PA full scale. 
Consta,rr potmfial co~tlonzefry. Into the compartment of the working clcctrode 
wits placed 25 ml ofa solution of 0.1039 M n-butylaminc in 1 M TEAP. and the other 
compartment was filled with 1 M TEAP. With the potentiostat the working electrode 
was maintained at +0.650 V. The solution in the working electrode compartment 
was stirred. After 10 h, the electrolysis was stopped, the integrator was read and a 
sample was taken, which was titrated for n-butylaminc content. 
Volfamn~crry uc rhe rotating platirrwn disc electrode. Voltammetric curves were 
recorded by measuring the disc current versus the disc voltage, for different rotating 
speeds of the electrode in a solution of IO- 3 M n-butylamine in 0.1 M TEAP. Oxygen 
was removed by bubbling nitrogen through the solution for 20 min. 
Chronopote,ltio,?lerrl)?. As supporting electrolyte 0.1 M TEAP was used. From 
a stock solution of 0.01 M n-butylamine in 0.1 M TEAP in nt-cresol, dilutions 
were made with 0.1 M TEAP to give concentrations in the range 5. IO-* M 
to 2 * 10-j M. These solutions were placed in the cell. The chrdnopotentiogram was 
recorded after the solutions had been deoxygenated by bubbling nitrogen for 
20 min. 
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When current reversal chronopotentiograms were recorded. the current was 
reversed before the occurrence of the transition. 
RESULTS 
Polarograplr_v 
The polarographic oxidation waves of all the nitrogen bases investigated and 
of sodium cresolate all show the same characteristics. A typical example is the 
oxidation wave of sodium l?r-cresolate (Fig. 3). The slope of the graph of EDME 
versus log (i/( id - i)) is 82 mV in this case, showing that the oxidation is irreversible. 
For morpholine, the influence of the height of the mercury column on the diffusion 
current was determined. The diffusion current ~;erszrs the square root of the mercury 
height was linear (Fig. 4), indicating that the oxidation of morpholine is dimusion- 
controlled. 
Thecompounds tetramethylguanidinc,strychnine and n-butylamine gave a so- 
called “prewave” preceding the normal oxidation wave. The height of this prewave 
was independent of concentration. while the total height of the prewave and normal 
I . 0’ -05 00 05 v 5 r/;;- cm Ya 10 
Fig. 3. Polarographic curve for 1 .S. IO- ’ M sodium w-crcsolatc in 0.1 M TEAP in wcresol. 
Fig. 4. Diflusion currcnt for the anodic oxidation wwc of IO- ’ M morpholinc in 0.1 M TEAP in 
wcrcsol cerslds (mercury height)‘. 
TABLE I 
TOTAL WAVE HEIGHT AND HEIGHT OF PREWAVE FOR THE POLAROGRAPHIC OXIDA- 
TION OF STRYCHNINE 
5. 1o-4 0.48 0.19 
7.5 * lo- 4 0.68 0.18 
10-J. 0.90 0.17 
1.5*10-” I .40 0.17 
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TABLE II 
POhROGRAPHY OF BASES IN wCRESOL 
(Supporfing clcclrolytc 0.1 IV TEAP) 
---_-__-_-__-_ __._ __ ~___-_-_-_--_-_-___-- . .---- 
Crmpc’I”rc/ E, ( I’ cs. As/A&l) I, (jtA wM- ’ III~-’ .\‘) Ph’. 
-w-m------ --_-___. 
Dimcthylaminocrzobcnrcnc 0.52 0.398 II 
Strychnine 0.43 0.388 13 
n-Blltyl;lminc 0.4 I 0.419 13.9 
Itlorpholinc 0.40 0.408 12.1 
Triclhylaminc 0.39 0.395 14.2 
Sodium wcrcsol;ltc 0.38 0.398 
1.3-Diphcnylgu;lnidinc 0.38 0.376 - 
Tc1r;lmcthyI~u;1nidinc 0.38 OX9 14.5 
wave was related to the concentration (see Table I). Most likely this prcwave is due 
to adsorption2. 
The polarographic results arc summarized in Table II. A comparison of the 
E, values for the oxidation of the bases with their pK, values in nt-cresol 
(Table II) shows that a strong base is oxidized more easily than a weak base. 
This can be explained if it is assumed that in fact the ,+cresolate ion is oxidized, 
because the concentration of free cresolate ions is determined by the equilibrium 
constants of the reaction 
BtHCres- BH’ Cres- = BH+ +Crcs- 
From Table II it can be seen that the diffusion current constants (Id) 
are about the same for all bases. The mean value is 0.396 PA mM -’ mg-j s+. 
The diffusion constant can be calculated from the DME characteristics 
?,I$ 16 = 2.383 rng’ s-t. and the Ilkovic equation i= 607ttD.* cm’ rfx. The value was 
found to be 4.2. IO-’ cm’ s- ‘. if a one-electron transfer is assumed. 
Oxirlatiort of tt-htctylamine itt tn-cresol ut the rotating platitttott disc electrode 
The current-voltage curves for the oxidation of a solution of lo-’ M 
m(rA%) 
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Fig. 5. Oxidation of IO-’ M n-Sutylaminc in 0.1 M TEAP in wcrcsol iIt the rotating platinum dbc 
ilt 1800 r.p.m. 
. 
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n-butylaminc in 0.1 M TEAP in r~-cresol were recorded at different rotating speeds 
of the disc. A typical voltammctric curve is shown in Fig. 5. It can be seen 
that oxidation of either the solvent or the supporting electrolyte starts at about 
+0.95 V. From the curves. the limiting current at different rotating speeds was 
determined: Fig. 6 shows the graph of the limiting currents oc~‘.~~~.~ the square root 
of the rotating speed. With the Levich equation. i=O.62 jrl; AD* v -kct~jc. the dif- 
fusion coefficient can be calculated from the slope of this graph. With the kinematic 
viscosity \*=0.2013. the value 4.4. IO-’ cm2 s- ’ was found for the diflilsion coefli- 
cient. This is in good agrcemcnt with the value 4.2. IO-’ found from the Ilkovic 
equation in the polarographic determination. 
After 10 h of electrolysis of 25 ml of a solution containing 0.1039 M n- 
butylaminc in 1 M TEAP. 212.9 kteq of electrical charge had passed through the 
cell. In this time. the titer of the n-butylaminc solution decreased to 0.09SO M. 
corresponding to a conversion of 222.5 itmole of n-butylaminc. This confirms the 
one-electron transfer already found in polarography and voltammctry at the rotating 
disc electrode. 
Chronopotcntiograms wcrc rccordcd for solutions of n-butylaminc in 0.1 M 
TEAP in nz-cresol in the concentration range 5. lo-’ M IO 2. IO-’ M. The current 
was between 56.8 and 26.9 /LA. A typical chronopotent iogrnm is given in Fig. 7. 
The results of the experiments are given in Table III, Which shows that the 
product ix* is constant. indicating that the oxidation of n-butylaminc in tn-cresol is 
diffusion-controlled. 
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CliHONOPOTENTIOMETRY OF n-DUTYLAMINE IN 0.1 M TEAP IN wCRESOL” 
---_-_--..-__-.--- ---_----- 
C1rrrcw (11 /I ) 
.--.-_--~.--~-_--..-- ..__ -_--- _---- _- 
43.3 34.X 31.4 
-__-_--.-__.-_-_-_--.-- _--.-__--._--._-.---_~ 
COllC. ( hf ) r E, r,,:r, 7 Ei 7,!7f r 
E* -- 
7,/7/ 
5.10-a 8.X 0.350 0.32 12.5 0.350 0.32 16.0 0.349 0.32 
7.5. lo-” 14.7 0.344 0.23 23.0 0.344 0.20 28.3 0.346 0.20 
IO-” 25.4 0.349 0. I2 44.0 0.34Y 0.1 1 57.0 0.349 0.10 
1.5.10-J 54.0 0.337 0.1 I 80.4 0.337 0.09 97.8 0.336 o.uLI 
2.10-J 95.0 0.336 0.05 144 0.338 0.04 
a.4 ‘0.0 16.8 
5.10-” ‘0.0 0.352 0.26 41.0 0.350 0.13 70.0 0.352 0.10 
7.5. IO-J 38.5 0.34H 0.16 62.4 0.340 0.12 no.9 0.345 0.10 
IO-J 79.0 0.348 0.0X 120 0.348 0.09 170 0.348 0.07 
1.5.10-J I 39 0.337 0.06 220 0.337 0.05 313 0.338 0.04 
” r in s; E, in V wr.w.s Ag/AgCI; r,. wunsition time reduction; 7, transition time oxidutlon. 
The value dE,/? In i. at constant concentration is approximately zero, whereas 
(7EJC In c at constant current is negative. The ratio of the transition time for the 
reduction to the transition time for the oxidation when current reversal is applied, 
is dependent on bulk concentration and becomes less when the bulk concentration 
is increased. 
Comparison of these facts with the diagnostic criteria for various kinetic 
schcmcs in chronopotentiometry given by Reinmuth3, indicates that the electron 
transfer is followed by a chemical reaction of higher than first order. 
DISCUSSION 
When a base B is dissolved in ,,z-cresol the following equilibria are established: 
B + HCres = BH+Cres- = BH + + Cres- 
From the fact that the oxidation of bases in tn-cresol is diffusion-controlled and that 
the E, values dccrcasc with increasing pK, values for different bases, it can bc 
concluded that the ,n-crcsolate ion is the electroactive species and that the 
equilibria between free base, ion pair and ,?I-cresolate ion are rapid. As the 
experiments show that the oxidation is a one-electron process, its initial product 
must be the phenoxy radical. 
Chronopotentiometry indicated that this phenoxy radical is subject to a 
further chemical reaction of higher than first order. For the phenoxy radical, 
different resonance structures are given4: 
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I’hesc radicals C;LII rwct to give dimers: 
It is most likely that the clcctrochemical step is follow4 by a dimcrization. 
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SUMMARY 
The oxidation of bases in the solvent !,,-crcsol was invcstigatcd by polaro- 
graphy. voltammetry at the rotating plnt inum disc clcctrode and by chronopotcntio- 
metry. It was shown that the frt-crcsolatc ion is the clectroactivc species in this 
reaction. The oxidation is a one-electron process gving a phenoxy radical. This 
phcnoxy rildical is converted in iI chemical reaction of higher than first order, 
most likely to :he dimer. 
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